Introduction {#Sec1}
============

Hepatic inflammation is one of the most prevalent pathologic responses in a variety of liver diseases.^[@CR1]^ Immune-mediated hepatic injury (IMH) is central to the pathogenesis of inflammatory liver diseases, including autoimmune hepatitis and viral hepatitis.^[@CR2]^ The acute inflammatory phenotype can be largely attributed to the front-line immune defense, generated by the innate immune system involving Kupffer cells, monocytes, neutrophils and eosinophils.^[@CR1]^ Following an initial defensive response through recognizing pathogens and producing pro-inflammatory cytokines, the innate immune system also instructs long-lasting adaptive immunity and amplifies effector responses through a diverse range of mechanisms.^[@CR3]^ As such, innate immune cell-mediated liver injury is driven by acute innate inflammation and is further evidenced by a sustained inflammatory damage imposed from the adaptive immune response within the inflamed liver. Mechanistically, the dynamic and complex interactions involving a diverse range of innate immune cells play an instrumental role in driving the pathological progression and therapeutic outcome in hepatic diseases that are driven by innate immune cell-mediated systemic inflammation. Understanding the molecular and cellular interactions behind these processes will not only elucidate the pathogenesis but also implicate new therapeutic targets of liver inflammatory disease.

Myeloid-derived suppressor cells (MDSCs) are morphologically and functionally heterogeneous population of the myeloid-cell progenitors; they constitute a unique component of the immune system and function as negative regulators of the immune response.^[@CR4]^ MDSCs are composed of monocytes, macrophages, granulocytes, dendritic cells (DCs) and immature myeloid cells at different stages of differentiation, and they often present as CD11b^+^Gr1^+^ in mice and Lin^-^HLA^-^DR^-^CD33^+^ or CD11b^+^CD14^-^CD33^+^ in humans.^[@CR4],[@CR5],[@CR6]^ Importantly, MDSCs are able to expand and frequently stay in an activated state with increased production of nitrogen and reactive oxygen species in a diverse range of pathological inflammation, including cancer and some infectious or autoimmune disorders.^[@CR7]^ Emerging evidence has shown that the development and accumulation of MDSCs in the tumor microenvironment play a critical role in fostering pro-tumoral immune modulation.^[@CR4]^ While MDSCs have been most extensively studied in the context of tumors, recent studies also implicate their involvement in several other pathological contexts.^[@CR8],[@CR9]^ However, the regulation and function of MDSCs in systemic inflammation-driven hepatic injury remains to be defined.

Synthetic glucocorticoid (GC) immunosuppressants, including dexamethasone (Dex), have been widely used in treating inflammatory disorders and are well known for their immunomodulatory effects.^[@CR10]^ GCs exert their biological functions largely through regulating the glucocorticoid receptor (GR), which is a member of the nuclear receptor family and possesses transcription-regulatory function.^[@CR11]^ Upon ligand binding, the GR dimerizes and translocates into the nucleus, where it can both directly and indirectly regulate the expression of a diverse range of inflammatory and anti-inflammatory genes.^[@CR12]^ It is known that the tissue sensitivity to hormone signals is directly related to the levels of circulating cortisol and to the number of GRs found in cells.^[@CR13]^ Previous studies have shown that the level of GR protein displays a dynamic change following the challenge of acute stressors and chronic stressors in various liver diseases.^[@CR14]^

Our recent studies indicated that the GR signaling in MDSCs might play a critical role in the modulation of allograft immunity through reprogramming T-cell differentiation.^[@CR15]^ In light of this finding, we asked whether the dysregulation of GR in MDSCs is involved in innate immune cell-mediated liver diseases and how GR regulates the function of MDSCs. Here, we have revealed the dysregulation of GR expression in MDSCs during immunological hepatic injury (IMH) and found that GR regulates the function of MDSCs through modulating HIF1α-dependent glycolysis. Moreover, pharmacologically targeting GR signaling in MDSCs represents an effective therapeutic approach for systemic inflammation-driven hepatic injury.

Materials and methods {#Sec2}
=====================

Mice {#Sec3}
----

All animal experiments were approved by the Animal Ethics Committee of Fudan, Shanghai, China, and Beijing Normal University, Beijing, China. CD45.1^+^ C57BL/6 (B6) mice were obtained from the Center of Model Animal Research at Nanjing University (Nanjing, China). C57BL/6 (CD45.2^+^) mice were received from Fudan University (Shanghai, China) or Beijing Normal University (Beijing, China) Experimental Animal Center. LysM Cre and HIF1α^flox/flox^ mice on the C57BL/6 background were from The Jackson Laboratory and were further crossed to generate HIF1α^flox/flox^, LysM Cre mice. All mice were bred and maintained in specific pathogen-free conditions. Sex-matched littermates at 6-8 wks of age were used in the experiments described in this study.

LPS-induced hepatic injury and tolerance model {#Sec4}
----------------------------------------------

As reported,^[@CR16],[@CR17]^ for lipopolysaccharide (LPS) challenge, mice were injected (intraperitoneally (i.p.)) with LPS (5--10 mg/kg body weight). For endotoxin tolerance, mice were injected (i.p.) with LPS (0.1 mg/kg body weight) daily for 4 consecutive days, and then they were re-challenged with LPS (10 mg/kg body weight). Sera were collected 2 and 6 h after LPS challenge to test the levels of tumor necrosis factor-α (TNFα) and/or interleukin-1β (IL-1β) production by flow cytometry (FCM) or ELISA. The levels of AST and ALT were examined by ELISA. The liver, kidney and lung were fixed with formaldehyde for histopathological examinations. Sections (5 μm) were stained with hematoxylin and eosin for the assessment of cellular infiltration and inflammatory injuries.

Flow cytometry {#Sec26}
--------------

For cell surface marker analysis, cells were stained with antibodies in PBS containing 0.1% (wt/vol) BSA and 0.1% NaN~3~. The following mAbs were used in the present study: anti-CD11b (M1/70; eBiosciences, Ben Lomond, CA, USA), anti-Gr1 (RB6-8C5; eBiosciences), anti-CD45 (TU116; BD Biosciences, San Diego, CA, USA), anti-GR (EPR4595; Abcam, Cambridge, MA, USA), anti-HIF1α (IC1935P; R&D system, Minneapolis, MN, USA), anti-human HLADR (L243; Biolegend, San Diego, CA, USA), anti-human CD33 (P67.0; Biolegend) and anti-human CD11b (ICRF44; Biolegend).

Intracellular staining was analysed by FCM as described.^[@CR18]^ Cells isolated from different organs were re-stimulated with LPS (L2630; Sigma, St Louis, MO, USA) for CD11b^+^Gr1^+^ cell analysis for 5 h, and GolgiStop (554724; BD Bioscience) was added for the last 2 h. After surface staining and washing, the cells were immediately fixed with cytofix/cytoperm solution (554714; BD Biosciences) and were stained with anti-TNFα (MP6-XT22; eBiosciences) and anti-IL-10 (JES5-16E3; eBiosciences). For transcriptional factor analysis, after surface staining, the cells were fixed with fixation/permeabilization buffer (00-5523; eBioscience) and stained with anti-GR and anti-HIF1α. FCM data were acquired on a FACSCalibur (Becton Dickinson, San Diego, CA, USA), and data were analysed with FlowJo (TreeStar, San Carlos, CA, USA).

Cell purification and culture {#Sec6}
-----------------------------

Following cardiac perfusion with PBS, the liver or spleen was aseptically removed and mechanically disrupted between sterile frosted microscope slides as described before.^[@CR19]^ Liver or splenic CD11b^+^Gr1^+^ cells and lymph node naïve T cells (CD4^+^TCR^+^CD25^-^CD62L^high^CD44^-^ cells) were sorted using a FACSAria II (Becton Dickinsion).

Quantitative reverse transcriptase--PCR and immunoblot analysis {#Sec7}
---------------------------------------------------------------

Total RNA of MDSCs was extracted with the RNeasy kit (Qiagen, Valenica, CA, USA), and cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). An ABI 7900 real-time PCR system was used for quantitative PCR (qPCR), with primer and probe sets obtained from Applied Biosystems (Carlsbad, CA, USA). The results were analysed using SDS 2.1 software. The expression of each target gene is presented as the 'fold change' relative to that of control samples, as described previously.^[@CR20]^ Immunoblot analysis was performed as described previously.^[@CR21]^ Western blots were performed using specific antibodies: anti-GR (EPR4595; Abcam), anti-p-ErK (Thr202/Tyr204; Cell Signaling Technology, Danfoss, MA, USA), anti-p-JNK (Thr183/Tyr185; Cell Signaling Technology), anti-p-p38MAPK (Thr180/Tyr182; Cell Signaling Technology), anti-β-actin (AC-15; Sigma-Aldrich, St Louis, MO, USA) and anti-HIF1α (IC1935P; R&D system).

Functional assay of CD11b^+^Gr1^+^cells {#Sec8}
---------------------------------------

The depleting anti-Gr-1 mAb (RB6-8C5; 0.5 mg) was used to deplete the CD11b^+^Gr1^+^ cells *in vivo* through i.p. injection into recipients at days -1 prior to the induction of hepatic injury. For the adoptive transfer experiments for CD11b^+^Gr1^+^ cells, donor B6 (CD45.2^+^) mice were challenged with LPS. Two days later, CD11b^+^Gr1^+^ cells were sorted from the liver of hepatic injury mice, and \~1 × 10^6^ cells were i.v. injected into syngeneic (CD45.1^+^) B6 mice. One day after adoptive transfer, the recipient mice were challenged with LPS injection.

Glycolytic flux analysis {#Sec9}
------------------------

Glycolysis of MDSCs was determined by measuring the detritiation of \[3-^3^H\]-glucose as reported previously.^[@CR19]^ In brief, 1 uCi \[3-^3^H\]-glucose (PerkinElmer) was added to the cell culture medium for 2 h. The medium was collected and moved to microcentrifuge tubes containing 50 μl 5N HCL. The microcentrifuge tubes were then placed in 20-ml scintillation vials containing 0.5 ml water, and the vials were capped and sealed. ^3^H-H~2~O was separated from unmetabolized \[3-^3^H\]-glucose by evaporation for 24 h at room temperature.

NO production assay {#Sec10}
-------------------

After incubating equal volumes of culture supernatant or serum (100 μl) with Greiss reagent, the absorbance at 550 nm was measured using a microplate reader (Bio-Rad, Hercules, CA, USA), as described previously.^[@CR22]^

GR receptor knockdown with shRNA {#Sec11}
--------------------------------

Gene-specific short hairpin RNA (shRNA) sequences were cloned into the lentiviral shRNA expression plasmids (pMagic4.1; Sbo-bio, Shanghai, China) to construct the GR targeting shRNA and scramble control. Lentiviruses were produced and harvested from culture supernatant of 293 T cells (CL1032; Abgent, San Diego, CA, USA) transfected with shRNA vector. Sorted CD11b^+^Gr1^+^ cells were infected with recombinant lentivirus, GFP^+^ cells were sorted using a FACSAria II (Becton Dickinson), and the GR expression was confirmed using qPCR.

Statistical analyses {#Sec12}
--------------------

All data are presented as the mean±s.d. Student's unpaired *t-*test was applied for comparison of means to compare differences between groups. Comparison of the survival curves was performed using the Log-Rank (Mantel-Cox) test. A *P-*value (alpha-value) of \<0.05 was considered to be statistically significant.

Results {#Sec13}
=======

MDSCs display reciprocal changes in GR expression in hepatic injury or the tolerance IMH mouse model {#Sec14}
----------------------------------------------------------------------------------------------------

Our recent studies implicated that GR signaling in MDSCs plays an important role in modulating allograft immunity.^[@CR15]^ Here, we sought to extend these findings to evaluate the role of GR signaling and MDSCs in the context of systemic inflammation-driven hepatic injury. In this regard, we established a hepatic injury IMH model through inducing an acute and strong LPS response (LPS shock)^[@CR23],[@CR24]^ and a tolerance IMH model through a consecutive induction of a moderate LPS response (LPS tolerance)^[@CR21],[@CR22]^ ([Figures 1a and b](#Fig1){ref-type="fig"}). The alteration of serum ALT and AST levels in these two models ([Figure 1c](#Fig1){ref-type="fig"}) confirms the status of hepatic injury and tolerance. Next, we sought to determine whether there are any alterations in MDSCs and to determine the expression of GR in MDSCs in IMH models. As shown in [Figure 1d](#Fig1){ref-type="fig"}, the CD11b^+^Gr1^+^ MDSCs were significantly increased in the LPS-induced tolerance model, but not in the LPS-induced hepatic injury model, when compared with the control group. Consistent with the above findings, the protein and mRNA levels of GR in MDSCs that were isolated from the LPS-induced tolerant mice were higher than in the control, while they were lower in MDSCs that were isolated from the LPS-induced hepatic injury mice ([Figure 1e](#Fig1){ref-type="fig"} and Supplementary Figure [S1](#MOESM1){ref-type="media"}). Altogether, these data indicate that the reciprocal expression alteration of GR in MDSCs is regulated in the context of innate immune cell-mediated hepatic injury or tolerance.

![The alternation of myeloid-derived suppressor cell (MDSC) glucocorticoid-receptor in immune-mediated hepatic injuries. (**a**) diagram of the experimental model for LPS tolerance and for LPS shock induction; the mouse survival curve is plotted in **b**. In the indicated murine models, the serum ALT and AST levels were determined with ELISA (**c**); the blood CD11b^+^Gr1^+^ cells were analysed by FACS (**d**); FACS analysis of GR expression in CD11b^+^Gr1^+^ cells (**e**). Data are representative of three independent experiments (*n*=4--10). \*\**P*\<0.01 and \*\*\**P*\<0.001 compared with the indicated groups. GR, glucocorticoid receptor; LPS, lipopolysaccharide.](41423_2018_95_Fig1_HTML){#Fig1}

Dex enhances MDSC GR expression and protects mice against systemic inflammation-driven hepatic injury {#Sec15}
-----------------------------------------------------------------------------------------------------

The significant downregulation of GR in MDSCs upon LPS-shock led us to test the idea of enhancing GR expression as a potential approach for modulating MDSC function and pathological outcomes in IMH. To this end, we applied Dex, a potent agonist of GR, in the IMH model. In agreement with earlier findings,^[@CR15]^ Dex treatment increased GR expression at both the mRNA and protein level in the CD11b^+^Gr1^+^ cells that were isolated from mice following LPS shock ([Figure 2a](#Fig2){ref-type="fig"} and Supplementary Figure [S2](#MOESM1){ref-type="media"}). Strikingly, Dex treatment offered a remarkable protection against LPS-induced lethality in the IMH mouse model ([Figure 2b](#Fig2){ref-type="fig"}). The histological analysis of liver, lung and kidney that were isolated from IMH mice and the analysis of serum levels of cytokines in IMH mice further confirmed that Dex treatment could ameliorate the LPS-induced immunological injuries and diminish the proinflammatory TNFα and IL-1β production in serum ([Figures 2c and d](#Fig2){ref-type="fig"} and Supplementary Figure [S3A](#MOESM1){ref-type="media"}). To further determine the impact of Dex treatment on MDSCs, we isolated the CD11b^+^Gr1^+^ cells from experimental animals and examined their suppressive activities on T-cell proliferation and their intracellular cytokine production *ex vivo*. In addition to significantly potentiating the suppressive activities of MDSCs, Dex treatment reciprocally diminished and increased the proinflammatory TNFα expression and anti-inflammatory IL-10 expression in MDSCs ([Figures 2e and f](#Fig2){ref-type="fig"} and Supplementary Figure [S3B and C](#MOESM1){ref-type="media"}). Next, we asked whether MDSCs are responsible for mediating the protection against hepatic injuries in Dex-treated animals. To this end, we depleted MDSCs by injecting anti-Gr1 mAb^[@CR25]^ and then followed the survival of mice upon LPS challenge. Efficient depletion of CD11b^+^Gr1^+^ cells was confirmed by FACS (data not shown). Importantly, the depletion of Gr1^+^ cells abolished the protection offered by Dex treatment in IMH mice (Supplementary Figure [S4](#MOESM1){ref-type="media"}). Conversely, the adoptive transfer of CD11b^+^Gr1^+^ MDSCs that were isolated from Dex but not from PBS-treated IMH mice provided a significant protection against LPS-induced lethality in recipient mice ([Figure 2g](#Fig2){ref-type="fig"}). Collectively, these data suggest that Dex treatment elevates the expression of GR in MDSCs and protects mice against immune-mediated hepatic injuries.

![Dex treatment upregulates GR expression, potentiates MDSC activities and protects mice against immune-hepatic injuries. Age-matched C57BL/6 mice were injected i.p. with PBS (solvent) or Dex (5 mg/kg body weight) daily starting at 6 h before LPS (5 mg/kg) injection. The GR expression on the CD11b^+^Gr1^+^ cells from liver 72 h following LPS injection was determined by FACS (**a**) and the survival curve of experimental mice is plotted (**b**, *n*=10). In a separate set of animals, the mice were sacrificed at 72 h following LPS-injection. The pathological changes in mouse liver, lung and kidney were examined by histochemistry (**c**). TNFα level in serum was determined with ELISA (**d**). The immunosuppressive activity of myeloid-derived CD11b^+^Gr1^+^ cells was determined by mixed lymphocyte reaction (**e**). The TNFα and IL-10 production in CD11b^+^Gr1^+^ cells in blood and spleen was analysed by FACS (**f**). Three groups of donor C57BL/6 mice were challenged with PBS (None), LPS or LPS plus Dex. After 3 days, a total of 1x10^6^ CD11b^+^Gr1^+^ cells were sorted from the liver of indicated mice and adoptively transferred into C57BL/6 recipient mice (10 mice per group) via i.v. Injection. After 10-12 h, all groups of recipient mice were challenged with LPS (10 mg/kg) and mouse survival was followed (**g**). Data are representative of three (**c**--**e**) or four (**f**) independent experiments (*n*=3--10). \*\**P*\<0.01 and \*\*\**P*\<0.001 compared with the indicated groups. GR, glucocorticoid receptor; IL-10, interleukin-10; i.v., intravenous; LPS, lipopolysaccharide; MDSC, myeloid-derived suppressor cell; PBS, phosphate-buffered saline; TNFα, tumor necrosis factor-α.](41423_2018_95_Fig2_HTML){#Fig2}

The elevation of GR expression in MDSCs is required for Dex-mediated protection against IMH {#Sec16}
-------------------------------------------------------------------------------------------

Having shown that Dex induces GR expression in MDSCs and protects mice against immune-mediated hepatic injuries, we next sought to determine the impacts of genetic modulation of GR on MDSC function. For this, we transuded either control shRNA or shRNA that targets GR into CD11b^+^Gr1^+^ cells that were isolated from the liver and then examined their cytokine production. The efficient knockdown of GR in MDSCs was confirmed by qPCR (Supplementary Figure [S5A](#MOESM1){ref-type="media"}). Importantly, knockdown of GR enhanced the production of TNFα, which is indicative of liver injury pathology and inflammation (Supplementary Figures [S5B and C](#MOESM1){ref-type="media"}). Next, we sought to determine whether the inhibition of GR in MDSCs would counteract the effect of Dex treatment in protecting mice against immune-mediated hepatic injuries in the IMH model. For this, we chose a well-established antagonist of GR, RU-486,^[@CR26]^ and applied it to the IMH model, either alone or in combination with Dex. As expected, the RU-486 treatment alone efficiently reduced the GR expression in MDSCs that were isolated from LPS-challenged hepatic injury mice ([Figure 3a](#Fig3){ref-type="fig"}). Similarly, RU-486 treatment alone significantly exacerbated the pathology of hepatic injury in IMH mice, as indicated by the levels of ALT, TNFα and IL-1β in sera ([Figures 3b and c](#Fig3){ref-type="fig"}). This increased hepatic injury is likely due to its inhibition of MDSC-suppressive activity ([Figure 3d](#Fig3){ref-type="fig"}). Importantly, the combination of RU-486 and Dex reversed the effect of Dex on GR expression in MDSCs, serum ALT and TNFα and IL-1β levels, and the suppressive activity of MDSCs ([Figures 3a--d](#Fig3){ref-type="fig"}). To verify MDSCs as the cellular target of RU486 and Dex in the IMH model, we performed an adoptive-transfer experiment using CD11b^+^Gr1^+^ MDSCs that were isolated from mice following LPS-challenge in combination with various treatments, as indicated in [Figure 3e](#Fig3){ref-type="fig"}. While the adoptive transfer of MDSCs isolated from Dex-treated mice protected recipient mice against pathological lethality, the RU-486 treatment of donor mice abolished such protection ([Figure 3e](#Fig3){ref-type="fig"}). Together, these finding suggest that Dex or RU-486 treatment reciprocally modulates GR signaling and thus impacts the function of MDSCs during immune-mediated hepatic injury.

![The downregulation of GR expression by RU-486 counteracts the effect of Dex in protecting mice against immune-hepatic injuries. As described in [Figure 2](#Fig2){ref-type="fig"}, IMH was induced in four groups of age-matched C57BL/6 mice with the indicated treatments. Then, 72 h after LPS challenge, GR expression of CD11b^+^Gr1^+^MDSC in liver was analysed by FACS (**a**) and the level of ALT (**b**) TNFα and IL-1β (**c**) in serum were determined by ELISA. The immunosuppressive activity of myeloid-derived CD11b^+^Gr1^+^ cells was determined by mixed lymphocyte reaction (**d**) Three groups of donor C57BL/6 mice were challenged with LPS, LPS plus Dex or LPS plus Dex and RU-486 (10 mg/kg, i.p.). After 3 days, a total of 1 × 10^6^ CD11b^+^Gr1^+^ cells were sorted from the liver of indicated mice and adoptively transferred into C57BL/6 recipient mice (10 mice per group) via i.v. injection. After 10--12 h, all groups of recipient mice were challenged with LPS (10 mg/kg), and mouse survival was followed (**e**) Data are representative of three (**a**--**c**) or two (**d**) independent experiments (**a**--**d**; *n*=3--5). \*\*\**P*\<0.001 compared with the indicated groups. GR, glucocorticoid receptor; IMH, immunological hepatic injury; i.p., intraperitoneal; MDSC, myeloid-derived suppressor cell; LPS, lipopolysaccharide.](41423_2018_95_Fig3_HTML){#Fig3}

The modulation of GR expression in MDSCs impacts LPS-induced immune tolerance {#Sec17}
-----------------------------------------------------------------------------

Given the observation of increased GR expression in MDSCs in LPS-induced tolerance mode, we next determined the impact of modulating GR signaling in tolerance. While most of the experimental animals survived through LPS-challenge in the tolerant model, treatment with the GR antagonist RU-486 abolished the tolerance and restored the LPS-induced pathological lethality ([Figure 4a](#Fig4){ref-type="fig"}). As expected, the RU-486 treatment significantly diminished GR expression in MDSCs isolated from experimental mice ([Figure 4b](#Fig4){ref-type="fig"} and Supplementary Figure [S6](#MOESM1){ref-type="media"}) and diminished the suppressive activity of MDSCs ([Figure 4c](#Fig4){ref-type="fig"}). Consistent with the results of the survival curve ([Figure 4a](#Fig4){ref-type="fig"}), RU-486 treatment exacerbated the liver injury pathology and inflammation, as indicated by heightened serum ALT, TNFα and IL-1β levels ([Figures 4d and e](#Fig4){ref-type="fig"}). Taken together, these data suggest that the RU-486 treatment may break immune tolerance through targeting GR in MDSCs.

![The downregulation of GR expression by RU-486 abolishes immune tolerance in an LPS-mediated tolerance model. Two groups of aged-matched C57BL/6 mice (10 per group) were pretreated with low dose LPS (0.1 mg/kg) daily from day 4 prior to challenge with LPS (10 mg/kg) for LPS tolerance induction. Either PBS or RU-486 was administrated at 6 h before the last LPS challenge. Mouse survival curve is plotted (**a**). Then, 72 h after the LPS challenge, GR expression of CD11b^+^Gr1^+^MDSC in liver was analysed by FACS (**b**) the immunosuppressive activity of myeloid-derived CD11b^+^Gr1^+^ cells was determined by mixed lymphocyte reaction (**c**) and the levels of ALT (**d**) TNFα and IL-1β (**e**) in serum were determined by ELISA. Data are representative of three (**b**--**e**) independent experiments (*n*=3--5). \*\*\**P*\<0.001 compared with the indicated groups. GR, glucocorticoid receptor; IL-1β, interleukin-1β; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; TNFα, tumor necrosis factor-α.](41423_2018_95_Fig4_HTML){#Fig4}

Blocking glycolysis protects mice against IMH {#Sec18}
---------------------------------------------

The metabolic shift toward aerobic glycolysis has been recently revealed as a general metabolic feature in myeloid cells upon inflammatory stimulation.^[@CR27],[@CR28]^ Given that GR signaling has been implicated in the regulation of metabolism in several cellular contexts,^[@CR29]^ we next asked how GR signaling impacts MDSC metabolism. For this, we examined the glycolytic activity of MDSCs following LPS-stimulation in the presence of Dex or RU-486. While the Dex treatment increased GR expression and suppressed glycolytic activity in MDSCs, the RU-486 treatment reduced GR expression and enhanced glycolytic activity ([Figure 5a](#Fig5){ref-type="fig"}). Glucose utilization depends on a chain of reactions catalysed by multiple enzymes, eventually leading to the generation of lactate and to the net production of two ATP molecules as the energy source. The mRNA expression of a set of key glycolytic genes, such as glucose transport-1 (Glut1), gluocose-6-phosphate isomerase (GPI), enolase 1 (Eno1), lactate dehydrogenase-α (LDHα), and monocarboxylic acid transporter member 4 (MCT4), in the MDSCs was therefore determined by qPCR. As shown in [Figure 5b](#Fig5){ref-type="fig"}, Dex or RU-486 treatment significantly reduced or enhanced the expression of Glut1, Eno1 and MCT4 in MDSCs, respectively. Consistent with the result of pharmacological modulation of GR, the genetic modulation of GR via shRNA knockdown significantly increased the glycolytic activity of MDSCs (Supplementary Figure [S7](#MOESM1){ref-type="media"}).

![Blocking glycolysis protects mice against immune-hepatic injuries in IMH. As described in [Figure 2](#Fig2){ref-type="fig"}, IMH was induced in the indicated three groups of age-matched C57BL/6 mice. Then, 12 h after LPS challenge, CD11b^+^Gr1^+^ cells were sorted from livers of indicated mice and were stimulated with LPS or LPS+IFN-γ for 10 h. The glycolytic activity (**a**) or the mRNA expression of indicated glycolytic genes (**b**) in the indicated groups was measured by the generation of ^3^H-labeled H~2~O from \[3-^3^H\]-glucose or by qPCR. The liver MDSCs were isolated from IMH mice and were stimulated by LPS for 10 h in the presence of vehicle (PBS) or 1 mmol/l 2-DG. The glycolytic activity was measured as described above (**c**). As described in [Figure 2](#Fig2){ref-type="fig"}, IMH was induced in three groups of age-matched C57BL/6 mice with the indicated treatments (LPS 10 mg/kg). The survival curve is plotted (**d**) Then, 72 h after the LPS challenge, the immunosuppressive activity of myeloid-derived CD11b^+^Gr1^+^ cells was determined by mixed lymphocytes reaction (**e**) and the levels of ALT (**f**) and TNFα (**g**) in serum were determined by ELISA. Data are representative of two (**a**--**c**) or three (**e**--**g**) independent experiments (*n*=3--10). \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 compared with the indicated groups. IMH, immunological hepatic injury; IFN-γ, interferon-γ; LPS, lipopolysaccharide; MDSC, myeloid-derived suppressor cell; qPCR, quantitative PCR; TNFα, tumor necrosis factor-α.](41423_2018_95_Fig5_HTML){#Fig5}

Next, we sought to determine the impact of the glycolysis inhibitor, 2-deoxy-glucose (2-DG), on MDSCs in the IMH model. As expected, 2-DG treatment significantly blocked the glycolytic activity in MDSCs ([Figure 5c](#Fig5){ref-type="fig"}). Importantly, 2-DG or Dex treatment displayed a comparable protection of mice against LPS-induced pathological lethality ([Figure 5d](#Fig5){ref-type="fig"}). In addition, both 2-DG and Dex treatment enhanced the suppressive activity of MDSCs ([Figure 5e](#Fig5){ref-type="fig"}) and ameliorated the liver injury pathology and inflammation, as indicated by reduced ALT and TNFα levels in the serum ([Figures 5f and g](#Fig5){ref-type="fig"}). Taken together, these data suggest that the glycolysis mechanisms might be related to the GR-mediated regulation of MDSCs in IMH.

HIF1α is the downstream target of GR in MDSCs {#Sec19}
---------------------------------------------

The transcription factor hypoxia-inducible factor 1 α (HIF1α) has been implicated as a key regulator of metabolism in cancer cells, inflammatory T~H~17 cells and myeloid cells.^[@CR21]^ We therefore examined the level of HIF1α in MDSCs isolated from IMH mice treated with either Dex or RU-486. While the Dex treatment suppressed the expression of HIF1α ([Figure 6a](#Fig6){ref-type="fig"}), it did not impact several other key inflammatory signaling pathways in MDSCs, as indicated by the comparable phosphorylation of JNK, ErK and p38MAPK between the two groups (Supplementary Figure [S8](#MOESM1){ref-type="media"}). Conversely, both the pharmacological inhibition of GR by RU-486 and the genetic knockdown of GR by shRNA enhanced the expression of HIF1α ([Figure 6b](#Fig6){ref-type="fig"} and Supplementary Figure [S9](#MOESM1){ref-type="media"}). Importantly, the deficiency of HIF1α significantly ameliorated the liver injury pathology and the pro-inflammatory function of MDSCs and also enhanced MDSC function in the IMH model, as indicated by the reduced ALT serum level, the reduced intracellular TNFα in MDSCs and the enhanced suppression of T cell proliferation ([Figures 6c--e](#Fig6){ref-type="fig"} and Supplementary Figure [S10A and B](#MOESM1){ref-type="media"}). In addition, the deficiency of HIF1α led to a significantly prolonged survival in IMH mice ([Figure 6f](#Fig6){ref-type="fig"}). While the RU-486 treatment exuberated the pathological phenotypes of IMH, HIF1α deficiency abolished the impact of RU-486 ([Figures 6c--f](#Fig6){ref-type="fig"}).

![HIF1α is a downstream effector of GR signaling in MDSCs in IMH. The protein level of HIF1α in liver MDSCs that were isolated from IMH mice with the indicated treatments was determined by western blot (**a**, **b**). As described in [Figure 2](#Fig2){ref-type="fig"}, IMH was induced in WT or HIF1α^fl/fl^, LysM Cre^+^ mice with the indicated treatments. Then, 72 h after LPS-injection, the ALT level in serum was determined with ELISA (**c**, **g**) the TNFα production in CD11b^+^Gr1^+^ cells in blood and spleen was analysed by FACS (**d**, **h**) and the immunosuppressive activity of myeloid-derived CD11b^+^Gr1^+^ cells was determined by mixed lymphocyte reaction (**e**, **i**) As described in [Figure 2](#Fig2){ref-type="fig"}, IMH was induced in age-matched WT or HIF1α^fl/fl^, LysM Cre^+^ mice (*n*=10) with the indicated treatments (LPS 5 mg/kg). The survival curve is plotted (**f**). Data are representative of two (**a**--**e**) or three (**g**--**i**) independent experiments (*n*=3--5). \*\*\**P*\<0.001 compared with the indicated groups. GR, glucocorticoid receptor; IMH, immunological hepatic injury; MDSC, myeloid-derived suppressor cell; LPS, lipopolysaccharide; NS, not significant; TNFα, tumor necrosis factor-α; WT, wild type.](41423_2018_95_Fig6_HTML){#Fig6}

Given that the Dex treatment suppresses the expression of HIF1α ([Figure 6a](#Fig6){ref-type="fig"}), we reasoned that HIF1α deficiency would not result in any additive effect on the Dex treatment if HIF1α functions as a key target effector of GR signaling. Supporting this idea, the Dex treatment of HIF1α-deficient mice displayed a similar degree of phenotype in liver injury pathology, in inflammatory cytokine production and in the suppressive activity of MDSCs compared to Dex treatment in WT mice ([Figures 6g--i](#Fig6){ref-type="fig"}; Supplementary Figure [S10C and D](#MOESM1){ref-type="media"}). Taken together, our results suggest that HIF1α is required for GR-dependent regulation of MDSCs in the IMH model.

GR signaling controls MDSC nitric oxide production {#Sec20}
--------------------------------------------------

Nitric oxide (NO) production plays a key role in mediating the immunosuppressive activity of MDSCs. We sought to determine whether the modulation of GR signaling impacts NO production in the IMH model. Consistent with the result showing that Dex treatment enhanced MDSC function ([Figure 2e](#Fig2){ref-type="fig"}), Dex treatment increased the serum level of NO ([Figure 7a](#Fig7){ref-type="fig"}). While Dex treatment increased the expression of inducible nitric oxide synthase (iNOS), an enzyme that produces NO, it moderately suppressed the expression Arginase I, a substrate-competing enzyme of iNOS, in MDSCs ([Figures 7b and c](#Fig7){ref-type="fig"}). Conversely, genetic knockdown of GR in MDSCs through shRNA resulted in a reduction of iNOS expression, indicating that the expression of iNOS is dependent on GR signaling (Supplementary Figure [S11](#MOESM1){ref-type="media"}). Next, we applied L-NMMA, an inhibitor of iNOS, to MDSCs to determine whether blocking NO production would diminish the impact of Dex on the immune suppressive activity of MDSCs. As expected, the L-NMMA treatment abolished NO production (Supplementary Figure [S12A](#MOESM1){ref-type="media"}). While the treatment of Dex significantly enhanced the immunosuppressive activity of MDSCs, the addition of L-NMMA abolished the effect of Dex on suppressing T-cell proliferation ([Figure 7d](#Fig7){ref-type="fig"}). Finally, the L-NMMA treatment did not impact the glycolytic activity of MDSCs, excluding the possibility that NO indirectly altered HIF1α and glycolysis in MDSCs (Supplementary Figure [S12B](#MOESM1){ref-type="media"}). These data suggest that the GR-dependent NO production plays a role in regulating the immune suppressive activity of MDSCs in the IMH model.

![GR signaling modulates NO production in CD11b^+^Gr1^+^ MDSCs in IMH. As described in [Figure 2](#Fig2){ref-type="fig"}, IMH was induced in mice with the indicated treatments. Then, 72 h after LPS-injection, the NO level in serum was determined by Greiss assay (**a**), the mRNA level of indicated genes in CD11b^+^Gr1^+^ cells was determined by qPCR (**b**,**c**) and the immunosuppressive activity of myeloid-derived CD11b^+^Gr1^+^ cells was determined by mixed lymphocyte reaction (**d**). Data are representative of three independent experiments (*n*=4--5). \*\*\**P*\<0.001 compared with the indicated groups. (**e**) A model summarizes the role of GR signaling in establishing MDSC functions through HIF1α dependent glycolytic pathway. GR, glucocorticoid receptor; IMH, immunological hepatic injury; MDSC, myeloid-derived suppressor cell; qPCR, quantitative PCR.](41423_2018_95_Fig7_HTML){#Fig7}

GR expression is dysregulated in MDSCs isolated from human liver injury patients {#Sec21}
--------------------------------------------------------------------------------

By far, we have shown that the dysregulation of GR signaling in MDSCs may play a role in the pathogenesis of the murine IMH model and that the modulation of GR expression in MDSCs may represent an effective therapeutic strategy in treating murine IMH. Next, we sought to extend our finding in the murine IMH model to human patients with immune-mediated liver injuries. In this regard, we collected the peripheral blood from clinically confirmed hepatitis patients and determined the percentage of MDSCs and the expression of GR in MDSCs. As shown in Supplementary Figure [S13A](#MOESM1){ref-type="media"}, the HLADR^-^CD33^+^CD11b^+^ MDSC percentage and cell number are comparable in hepatitis patients and healthy controls. However, the intracellular staining of GR revealed that the protein level of GR is significantly lower in MDSCs isolated from hepatitis patients compared with MDSCs isolated from healthy controls (Supplementary Figure [S13B](#MOESM1){ref-type="media"}). Consistent with the expression pattern of HIF1α in MDSCs in the IMH mouse model, MDSCs that were isolated from hepatitis patients displayed an enhanced level of HIF1α compared to MDSCs that were isolated from healthy controls (Supplementary Figure [S13C](#MOESM1){ref-type="media"}). In summary, our results implicate a GR-HIF1α axis in regulating MDSC metabolism and function. Our studies further suggest that the modulation of GR signaling in MDSCs may represent a novel and valid therapeutic strategy in treating immune-mediated liver injuries ([Figure 7e](#Fig7){ref-type="fig"}). In addition, the dysregulation of GR signaling in MDSCs may also be present in human immune-mediated liver injury patients.

Discussion {#Sec22}
==========

Synthetic glucocorticoids, such as prednisone, dexamethasone, and hydrocortisone, exert their immune modulatory effects in a broad range of immune diseases.^[@CR10]^ Glucocorticoids elicit their biological action through the glucocorticoid receptor (GR), which belongs to a nuclear hormone receptor superfamily. In the absence of ligand binding, GR is in complex with chaperons and is retained in the cytosol. Upon glucocorticoid binding, GR is released from chaperon complexes and translocates to the nucleus, where it either directly transactivates targeted gene expression or indirectly modulates gene expression through interacting with other transcription factors.^[@CR30]^

GC is also integrated into the complex immune feedback-signaling network that plays a crucial role in fine-tuning immune signaling to avoid overactive immune responses.^[@CR31]^ The therapeutic approach of targeting GR is therefore widely used in medicine to treat inflammation, infectious and autoimmune diseases. Previous studies have shown that the modulation of GR signaling impacts on many different types of immune cells in both innate and adaptive immunity.^[@CR32]^ Recently, we and others have found that GR signaling may play a role in modulating the physiology and function of MDSCs.^[@CR15],[@CR33],[@CR34],[@CR35]^ In the present study, we have revealed that MDSCs isolated from both systemic inflammation-driven hepatic injury, especially in innate immune cell-mediated hepatic injury mice and in human patients with hepatitis, display significantly lower levels of GR compared to healthy controls. Treatment with the GR agonist dexamethasone (Dex) restored GR expression in MDSCs and ameliorated mortality and inflammatory insults in IMH, implying that GR signaling in MDSCs is a potential therapeutic target in treating innate immune cell-mediated hepatic injury.

Mechanistically, the upregulation of GR by Dex protects mice against immune-mediated hepatic injuries through potentiating MDSC suppressive activities, reducing their pro-inflammatory cytokines and increasing anti-inflammatory cytokine production. Conversely, the down-regulation of GR by RU-486 can significantly inhibit the immunosuppressive activities of MDSCs, increase pro-inflammatory cytokine production and reduce anti-inflammatory cytokine secretion, consequentially breaking immune tolerance in a chronically LPS-induced immune tolerance model. Previous studies suggested that ErK,^[@CR36],[@CR37]^ JNK and p38MAPK signaling pathways are important downstream signaling nodes of GR in various cellular and pathological contexts.^[@CR29],[@CR30]^ While we failed to reveal any significant changes in these signaling pathways, as indicated by a comparable level of p-ErK, p-p38, and p-JNK in MDSCs following the modulation of GR, we still cannot exclude the involvement of these pathways in fine-tuning GR signaling and impacting the function of MDSCs. Importantly, our current work implicates an important role of the GR-HIF1α signaling axis in regulating the glycolytic activity of MDSCs. GR signaling suppresses HIF1α and HIF1α-dependent glycolysis in MDSCs and thus promotes the immune suppressive activity of MDSCs in protecting against immunological hepatic injuries.

HIF1α is a transcription factor known to play an important role in regulating the innate immune function in response to hypoxia.^[@CR38]^ Furthermore, HIF1α also responds to normoxia and plays a critical role in proinflammatory cytokine production.^[@CR39],[@CR40]^ As a tumor grows, it rapidly outgrows its blood supply, leaving portions of the tumor with regions where the oxygen concentration is significantly lower than in healthy tissues.^[@CR38]^ As such, hypoxia microenvironments in solid tumors stabilize HIF1α and, in turn, alter the function of MDSCs through selectively up-regulating an immune checkpoint molecule, programmed death 1 ligand, and redirecting MDSC differentiation toward tumor-associated macrophages.^[@CR41],[@CR42]^ Recent studies also implicate their involvement in several other pathological contexts, including inflammatory injuries.^[@CR8],[@CR9]^ In the present study, we showed that HIF1α is responsible for the GR-regulated functions of MDSCs in systemic inflammation-driven immune-mediated hepatic injury mouse models. These data suggested that GR-HIF1α signaling could be a potential therapeutic target in hepatic diseases that are driven by innate immune cell-mediated systemic inflammation.

To elicit rapid and robust immune responses under diverse metabolic and immune conditions, our immune system has evolved to coordinate nutrient metabolism and bioenergetic capacity with immune cell proliferation and activation. Such coordination is the result of the convergence of the signaling pathways that control metabolic activities and the signaling pathways that mediate immune functions. The inability to meet metabolic requirements would cause the imbalances of immune homeostasis. Heightened aerobic glycolysis has been implicated as a key metabolic feature in many pro-inflammatory immune cells, such as M1 macrophages, TLR-stimulated dendritic cells, and T~H~17.^[@CR43],[@CR44],[@CR45],[@CR46]^ Myc and HIF1α, two key transcriptional factors, play an important role in regulating metabolic gene expression that reprograms cellular metabolism to support tumor malignant growth.^[@CR47],[@CR48]^ Notably, HIF1α has also been implicated in regulating the glycolytic program in M1 macrophages, T~H~9 and T~H~17 cells and their pro-inflammatory functions.^[@CR27],[@CR44],[@CR46],[@CR49]^ Consistent with the pro-inflammatory function of HIF1α in macrophages and T~H~17 cells, we found that genetic ablation of HIF1α or pharmacological inhibition of glycolysis suppresses the pro-inflammatory cytokine production in MDSCs while enhancing their anti-inflammatory activities. Similarly, the increased GR expression following Dex treatment not only leads to the downregulation of HIF1α and glycolytic activity but also significantly enhances the anti-inflammatory function of MDSCs and protects mice against innate immune cell-mediated hepatic injury. In conclusion, our current work implicates a critical role of the GR-HIF1α axis in regulating glycolysis and the function of MDSCs in innate immune cell-mediated hepatic injury. The pharmacological targeting of GR or MDSC metabolism may represent a promising therapeutic approach in treating human patients with systemic inflammation-driven hepatic injury, especially in innate immune cell-mediated hepatic injury.
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